Neurogenic inflammation is known to induce lowering of interstitial fluid pressure (P if) in mouse skin. This study examined the possible role of mast cell activation secondary to neuropeptide release in lowering of P if by using , and neurokinin A, from the capsaicin-sensitive nerve endings. Capsaicin releases neuropeptides through binding to the vanilloid receptor subtype 1 (VR1) (9), which in turn induces an inflammatory response in various tissues of both rodents and humans (2, 21). This response is characterized by increased arteriolar vasodilatation and protein extravasation due to increased permeability of the postcapillary venules resulting in fluid accumulation in the tissue. Previous reports from our research group have shown that the response in the initial phase of neurogenic inflammation involves lowering of interstitial fluid pressure (P if ) as observed both in rat trachea (16) and mouse skin (25). P if is important in tissue fluid homeostasis both in the regulation of fluid filtration across the capillary and as the filling pressure for the lymphatics (1). In contrast to the classic view of P if serving as an edema-preventing mechanism, P if has been shown to play an active part in the initial phase of edema in a number of inflammatory models with a lowering of P if to more negative values (16, 31, 34, 35) . According to Starling's hypothesis, this lowering of P if will increase net filtration pressure across the capillary and hence contribute to fluid accumulation in the interstitial space.
NEUROGENIC INFLAMMATION is initiated by the activation of sensory C fibers in response to heat, mechanical, or chemical stimuli. This activation results in release of neuropeptides, mainly substance P (SP), calcitonin gene-related peptide (CGRP), and neurokinin A, from the capsaicin-sensitive nerve endings. Capsaicin releases neuropeptides through binding to the vanilloid receptor subtype 1 (VR1) (9) , which in turn induces an inflammatory response in various tissues of both rodents and humans (2, 21) . This response is characterized by increased arteriolar vasodilatation and protein extravasation due to increased permeability of the postcapillary venules resulting in fluid accumulation in the tissue.
Previous reports from our research group have shown that the response in the initial phase of neurogenic inflammation involves lowering of interstitial fluid pressure (P if ) as observed both in rat trachea (16) and mouse skin (25) . P if is important in tissue fluid homeostasis both in the regulation of fluid filtration across the capillary and as the filling pressure for the lymphatics (1) . In contrast to the classic view of P if serving as an edema-preventing mechanism, P if has been shown to play an active part in the initial phase of edema in a number of inflammatory models with a lowering of P if to more negative values (16, 31, 34, 35) . According to Starling's hypothesis, this lowering of P if will increase net filtration pressure across the capillary and hence contribute to fluid accumulation in the interstitial space.
Mast cells have been thought of as possible participants in the neurogenic inflammatory response because they contain numerous inflammatory mediators and are localized in close proximity to the capsaicin-sensitive nerve endings (37, 39) . Alterations in the number of SP-reactive fibers and mast cell-nerve contacts have been reported as parts of the pathology of several diseases (3, 19, 45) . SP can activate mast cells both through binding of the neurokinin-1 receptor present on these cells (8) and through receptor-independent mechanisms (10) . The significance of mast cell activation as a part of neurogenic inflammation has been questioned in a number of studies, and the results are yet not conclusive. Supporting the involvement of mast cells are the findings that stimulation of the rat saphenous nerve induces mast cell degranulation (27) and that SP in high concentrations (40) as well as topical application of capsaicin (7) induce cutaneous mast cell degranulation in human forearm. In contrast, Petersen et al. (32) detected no release of SP and histamine after capsaicin injection in the same area.
In light of the knowledge that capsaicin-sensitive nerve endings are localized close to connective tissue mast cells (CTMCs) in mouse skin (6) and that mast cell activation by compound 48/80 (C48/80) induces a lowering of P if in skin of both rats and mice (20, 25, 36) , the question arises as to whether mast cells are involved in the events leading to lowering of P if in neurogenic inflammation. In a recent study (25) we examined this issue by measuring the response in P if after challenge with capsaicin, SP, or CGRP in mice with deficient mast cells due to the lack of sulfated heparin (NDST-2 Ϫ/Ϫ mice), a component found exclusively in CTMCs (14) . In NDST-2 Ϫ/Ϫ mice P if was lowered to the same extent as in normal wild-type mice in response to neurogenic inflammation, and we concluded that lowering of P if was at least not exclusively dependent on intact CTMCs. These mice have a reduced number of mast cells that are not functionally normal, but nevertheless they displayed a partial P if lowering as well as a slight increase in protein extravasation in response to mast cell activation by C48/80; hence we were not able to conclusively exclude the involvement of CTMCs in our study. (15, 26) . The mice received water and food ad libitum and weighed between 20 and 30 g at the time of the experiment. During the experimental period the mice were anesthetized with a 1:1 mixture (0.1 ml/10 g body wt) of midazolam (Midazolam alpharma; Roche) and fentanyl-fluanison (Hypnorm; Janssen) injected subcutaneously. Intravenous injections were performed through a PE-25 catheter in the jugular vein, and blood pressure was monitored through a PE-25 catheter placed inside the carotid artery. As a part of the experimental protocol cardiac arrest was induced with an intravenous injection of saturated KCl while the mice were still anesthetized. All experiments were performed with the approval of and in accordance with the Norwegian State Commission for Laboratory Animals.
Interstitial Fluid Pressure
P if was measured with sharpened glass capillaries (tip diameter 4 -7 m) connected to a servo-controlled counterpressure system (41, 42) . The counterpressure generated by a servo-controlled pump (model 201, Ling Dynamic Systems, Royston, UK) was recorded with a pressure transducer (model 1280C, Hewlett-Packard). The mice were placed in the supine position, and the measurements were made through intact skin on the dorsal side of the left hind paw. The glass capillaries were filled with 0.5 M NaCl colored with Evans blue dye to visualize the tip when puncturing the skin. Zero measurements were made at the level of the puncture site in a cup filled with isotonic saline. Measurements were accepted after fulfillment of the following three criteria (42) . 1) Increased feedback gain did not alter the measured pressure. 2) Suction applied to the pipette increased electrical resistance, confirming open communication with the tissue fluid.
3) Zero-pressure measurements before and after the P if registration were unchanged.
Acute inflammation increases transcapillary fluid flux, which in turn could cause fluid to accumulate in the interstitium. Such fluid accumulation raises P if and therefore cause an underestimation of an initial lowering of Pif. Thus circulatory arrest was induced shortly after the injection of test substances, i.e., when they had been distributed evenly by the circulatory system, but with minimum time for the inflammation to take place and therefore a response in P if that has not been blunted by interstitial fluid accumulation.
Experimental Protocol
Pif was first measured with an intact circulation and before the introduction of test substance and subsequently measured for 60 min after cardiac arrest. To study the time course of P if the pressure recordings were averaged for the following periods: 0 -15, 16 -30, 31-45, and 46 -60 min. The entire period from 0 to 60 min was averaged for statistical comparison of the different experimental groups. All test substances were purchased from Sigma-Aldrich (Stockholm, Sweden). The doses and the circulation times of the different test substances were chosen in accordance with previous studies from our laboratory (16, 25 Vehicle. NaCl (0.1 ml, 0.9%) was administrated intravenously and circulated 2 min before cardiac arrest was induced by intravenous injection of saturated KCl.
Compound 48/80. C48/80 (0.1 ml, 200 g) was administrated intravenously and circulated 2 min before cardiac arrest was induced.
Capsaicin. Capsaicin (0.1 ml, 10 nmol) was administrated intravenously and circulated 1 min before cardiac arrest was induced.
Substance P. SP (0.1 ml, 0.1 nmol) was administrated intravenously and circulated 1 min before cardiac arrest was induced.
Calcitonin gene-related peptide. CGRP (0.1 ml, 0.1 nmol) was administrated intravenously and circulated 1 min before cardiac arrest was induced.
Immunohistochemistry

Kit
W /Kit W-v mice (n ϭ 3) and wild-type mice (n ϭ 3) were anesthetized with a 1:1 mixture of midazolam and fentanyl-fluanison as previously described. Cardiac arrest was then induced by intracardiac injection of saturated KCl under anesthesia. The paws were cut with scissors and fixed overnight in Zamboni fixative (4% paraformaldehyde with 0.2% picric acid in 0.1 M phosphate buffer, pH 7.4). They were then rinsed in 0.1 M phosphate buffer and placed in 10% EDTA, pH 7.4. After decalcification, the paws were rinsed in phosphate buffer and soaked overnight in 30% sucrose solution for cryoprotection.
Serial 35-m-thick sections were made in a freezing slide microtome. Immunoreactions were performed on precoated glass slides (SuperFrost Plus, MenzelGlaser, Braunschweig, Germany). After several rinses in phosphate-buffered saline (PBS), the sections were incubated for 30 min in methanol containing 0.3% hydrogen peroxide to inactivate endogenous peroxidase activity. Preincubation was done in 2.5% normal goat serum (Vector Laboratories, Burlingame, CA) for 2 h. Afterwards, the sections were incubated in anti-rat SP (1:3,000 dilution, Peninsula Laboratories) or anti-human ␣-CGRP (1:6,000 dilution, Peninsula Laboratories) polyclonal antibodies raised in rabbit for 72 h at 4°C. After several rinses in PBS, secondary antibody incubation was performed in goat anti-rabbit biotinylated immunoglobulin G (1:1,000 dilution, Vector) for 1 h. Antigen-antibody complexes were detected by the avidin-biotin peroxidase (ABC) reaction with a commercially available kit (Vectastain ABC kit, Vector) and visualized with 3,3Ј-diaminobenzidine (Sigma) in the presence of 0.2% (NH 4)2Ni(SO4)26H2O to enhance the immunostaining. Finally, the sections were counterstained with methylene blue/ azure II in 1% sodium borate and distilled water. They were then dehydrated in graded alcohol series, cleared in xylene, and coverslipped with Eukitt (O. Kindler, Freiburg, Germany). Approximately 200 sections were stained for each of the primary antibodies and evaluated in a Nicon photomicroscope (Nikon Eclipse E600, Nikon Instruments).
Immunocontrols were routinely performed by replacement of the primary antibody with PBS. The controls did not show any immunolabeling.
Ten randomly selected microphotographs (ϫ40) from each of the four groups were used for quantitative analysis of the immunostained nerves. A grid was placed on each photograph (Lucia 5.0 software, Laboratory Imaging, Prague, Czech Republic), and a visual field of 0.15 ϫ 0.15 mm was evaluated. The immunostained nerves were quantified as nerve fibers crossing the grid lines on the visual field, and a mean score of fibers crossing an area of 0.05 ϫ 0.05 mm was calculated for each visual field.
Statistical Analysis
All values of P if are given as means (SD) for the entire experimental period from 0 to 60 min. Statistical analysis on Pif was performed on the mean of the 60-min period by using one-way ANOVA and subsequent Bonferroni and t-tests. To detect quantitative differences in the skin innervation between wild-type and Kit W /Kit W-v mice, a t-test was performed. Blood pressures were compared with paired t-tests within the experimental groups. A value of P Ͻ 0.05 was considered statistically significant. Values (in mmHg) are means (SD) of the 4 time periods for n animals. C48/80, compound 48/80; SP, substance P; CGRP, calcitonin gene-related peptide. All test substances were given intravenously in a volume of 0.1 ml. Statistical analysis was by 1-way ANOVA with subsequent Bonferroni and t-tests. *P Ͻ 0.05 compared with vehicle; †P Ͻ 0.05 compared with wild-type mice. or SP compared with vehicle, while capsaicin and CGRP induced a significant (P Ͻ 0.05) lowering of P if compared with vehicle (Table 1 In both strains epidermal, dermal, and subcutaneous CGRPand SP-IR fibers were identified and exhibited the same localization. Specifically, there were numerous strongly positive varicose dermal CGRP-IR nerve fibers associated with blood vessels and hair follicles. The follicular network was distributed around the hair shaft and the dermal papilla at the bottom of the hair follicle. In addition, thinner CGRP-IR fibers were associated with the erector pili muscle and the sebaceous glands next to the hair follicles. Freely terminating CGRP-IR fibers were seen in the epidermis, and they were thinner and less knoblike than those in the dermis.
RESULTS
Interstitial Fluid Pressure
In both strains SP-IR fibers were much thinner and less numerous than CGRP-IR fibers. The distribution was the same: they were associated with blood vessels and hair follicles, and they were rarely seen in clusterlike structures in the dermis. There were even fewer free nerve endings at the border of epidermis-dermis.
DISCUSSION
In this study we report that lowering of P if in response to the neuropeptide SP is completely dependent on the presence of CTMCs, while CGRP can induce a partial lowering of P if in the absence of CTMCs. Capsaicin, which induces the release of both neuropeptides from capsaicin-sensitive nerve endings, is only capable of partly lowering P if in the absence of CTMCs. Furthermore, as the distribution and density of SP-and CGRP-IR fibers is similar in wild-type and Kit W /Kit W-v mice, the difference in response in P if is most likely not due to a difference in sensory neuropeptides and their nerves.
The present study is a continuation of our previous studies on the role of mast cells in neurogenic inflammation in mice (25) . We extend our previous study on a knockout mouse with defective mast cells by studying lowering of P if during neurogenic inflammation in mast cell-deficient mice. Lowering of P if to more negative values contributes to edema in a number of inflammatory models in rodents, including mast cell activation (20, 36) and neurogenic inflammation (16, 25) . Induction of neurogenic inflammation by exogenous SP and CGRP or endogenous release of neuropeptides by capsaicin lowers P if in rat trachea and mice skin (16, 25) as well as in rat trachea after vagal nerve stimulation (43) . Mast cells contain a range of inflammatory mediators and are located in the proximity of the sensory nerve fibers. Although mast cells express SP receptors, their involvement in neurogenic inflammation has been debated. Neuropeptides can induce histamine release in a number of tissues (12, 13, 23, 29) , but it has been questioned whether endogenously released neuropeptides are present in sufficient amounts to induce mast cell activation and subsequent histamine release in human skin (22, 32, 40) .
The agents used in the present study will have vascular effects such as vasodilatation, raising capillary pressure, and protein permeability, in turn lowering the capillary reflection coefficient for protein and the transcapillary oncotic gradient. Both phenomena will contribute in enhancing the capillary fluid filtration. Arterial blood pressure did not fall in response to C48/80 and capsaicin in Kit W /Kit W-v mice, while CGRP and SP induced a fall, although not significant for SP. Wild-type mice had similar responses, apart from an effect of C48/80 on blood pressure. According to a previous study by Gjerde et al. (17) P if is not affected by a fall in arterial blood pressure induced by sodium nitroprusside. In the present study we focused on the agents' role in lowering of P if . Normally, P if counteracts edema formation (18) . However, in several studies, including those on neurogenic inflammation (16, 25, 43) , P if is initially lowered and will therefore enhance rather than limit the edema formation (33) . The events involved in lowering of P if involve the swelling properties of the hyaluronan and glycosaminoglycans of the tissues as well as the ␣ 2 ␤ 1 -integrins attaching the connective tissue cells to the collagen scaffolding of the tissue (33) . The connective tissue cells normally restrain the swelling of the hyaluronan-glycosaminoglycan gel by applying stress to the collagen fibers via the ␣ 2 ␤ 1 -integrins (33) . When this tension is released, the gel is allowed to expand and P if is lowered until a new balance is achieved between the expanding gel, the fibers, and a lowered P if . Although P if is able to enhance capillary fluid filtration during the initial edema formation, P if will rise when edema is formed and maintenance of the edema requires increased capillary pressure and/or capillary permeability. However, the phenomenon of lowering P if is principally important in that it assigns an "active" role to the loose connective tissues with regard to transcapillary transport of fluid.
In partly CTMC-deficient mice (NDST-2 Ϫ/Ϫ mice) P if was lowered to the same extent in response to neuropeptides or capsaicin (25) . Although the skin of NDST-2 Ϫ/Ϫ mice contains a reduced number of severely altered mast cells (14) , they revealed a partial response in P if to C48/80, indicating that CTMC involvement could not be excluded (25) , but nevertheless gave strong indications that lowering of P if in response to neuropeptide challenge was not completely dependent on intact CTMCs.
In the present study we attempted to further elucidate CTMC involvement in neurogenic inflammation by using Kit W /Kit W-v mice, which are completely devoid of mast cells (15, 26) . In wild-type mice P if was lowered significantly from Ϫ0.49 mmHg in vehicle-treated mice to Ϫ2.03 mmHg after C48/80 challenge, comparable to the results obtained previously (25) . In contrast, there was no significant response to C48/80 in Kit W /Kit W-v mice, and this was different than previously observed in the NDST-2 Ϫ/Ϫ mice, in which C48/80 resulted in a partial P if response (see Table 3 ). Thus we conclude from these findings that the presence of CTMCs in the skin of Kit W /Kit W-v mice is negligible and not able to induce an effect on P if . Challenge with SP, CGRP, or capsaicin induced a lowering of P if in wild-type mice as observed previously (25) . The effect observed by capsaicin could potentially be attributed to both endogenously released SP and CGRP from nerve fibers as well as direct mast cell activation through VR1 known to be present on mast cells (5, 38) . While the response in P if to either of these substances was unaffected in the partially CTMC-deficient NDST-2 Ϫ/Ϫ mice (25) (24) , the majority of them in rodent skin are (11) , and therefore this finding strongly suggests that the reduced P if response after challenge with capsaicin in Kit W /Kit W-v mice is attributable to a direct effect of mast cell absence and not to a reduced release of endogenous SP or CGRP from a reduced number of capsaicin-sensitive nerve endings. Also, the effect of capsaicin without an effect of C48/80 strongly points to a direct effect of released neuropeptides from the sensory nerves on the connective tissue cells. The different response of SP and CGRP between Kit W /Kit W-v and wild-type mice could well be due to a dose-response effect but is nevertheless an effect due to presence and absence of mast cells. In an elegant study Yamamoto et al. (44) demonstrated that coculture of fibroblasts and mast cells significantly enhanced the contraction of a collagen fiber lattice. This effect was ascribed to stem cell factor/c-kit. This would not seem to contradict our conclusion that there is a direct effect of the neuropeptides on the connective tissue cells responsible for causing a lowering of P if .
The attenuated lowering of P if after challenge with neuropeptides and capsaicin in Kit W /Kit W-v mice, in contrast to the intact P if lowering found in NDST-2 Ϫ/Ϫ mice (Table 3) , could be attributed to inflammatory mediators in the few mast cells present in NDST-2 Ϫ/Ϫ mice. Although the histamine content of these mast cells is reduced (14) , other inflammatory mediators like cytokines and prostaglandins could be present, although this has not been studied in NDST-2 Ϫ/Ϫ mice. Such mediators were shown previously to lower P if in rat skin (4, 30) . Given our present findings in Kit W /Kit W-v mice, it seems plausible that there are enough mediators released on CTMC activation in NDST-2 Ϫ/Ϫ mice to sustain a full response in P if in response to neuropeptides.
To summarize, the present study clearly demonstrates the involvement of mast cells in lowering of P if in neurogenic inflammation. Furthermore, the attenuated lowering of P if after capsaicin also demonstrates an effect on P if mediated directly via the sensory nerves to the connective tissue cells without the involvement of mast cells. Finally, the attenuated capsaicin and CGRP response could suggest that CGRP is responsible for this effect, although a contribution from SP at higher doses cannot be excluded. Nevertheless, since the present dose of SP otherwise elicits a full P if -lowering response, it is likely that our observation demonstrates the lack of such an effect of SP.
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